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Abstract: In this work, we assessed the possible relation of ionospheric perturbations observed
by Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions (DEMETER),
Global Positioning System total electron content (GPS TEC), National Oceanic and Atmospheric
Administration (NOAA)-derived outgoing longwave-Earth radiation (OLR), and atmospheric
chemical potential (ACP) measurements, with volcanic and Saharan dust events identified by
ground and satellite-based medium infrared/thermal infrared (MIR/TIR) observations. The results
indicated that the Mt. Etna (Italy) volcanic activity of 2006 was probably responsible for the
ionospheric perturbations revealed by DEMETER on 4 November and 6 December and by GPS TEC
observations on 4 November and 12 December. This activity also affected the OLR (on 26 October;
6 and 23 November; and 2, 6, and 14 December) and ACP (on 31 October–1 November) analyses.
Similarly, two massive Saharan dust episodes, detected by Robust Satellite Techniques (RST) using
Spinning Enhanced Visible and Infrared Imager (SEVIRI) optical data, probably caused the ionospheric
anomalies recorded, based on DEMETER and GPS TEC observations, over the Mediterranean basin
in May 2008. The study confirmed the perturbing effects of volcanic and dust events on tropospheric
and ionospheric parameters. Further, it demonstrated the advantages of using independent satellite
observations to investigate atmospheric phenomena, which may not always be well documented.
The impact of this increased detection capacity in reducing false positives, in the framework of a
short-term seismic hazard forecast based on the study of ionospheric and tropospheric anomalies,
is also addressed.
Keywords: lithosphere atmosphere ionosphere coupling; volcanic activity; Saharan dust
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1. Introduction
Several literature studies showed that volcanic activity may induce electromagnetic signals
(e.g., [1–5]). Among them, a few works were performed using data provided by the Detection
of Electro-Magnetic Emissions Transmitted from Earthquake Regions (DEMETER) microsatellite.
Zlotnicki et al. [4] investigated the possible occurrence of ionospheric anomalies before volcanic
eruptions. The authors analyzed data acquired 30 days before and 15 days after 74 eruptions from
50 volcanoes, recognizing 48 electromagnetic anomalies. In total, they found that ionospheric
perturbations, at the satellite altitude, accompanied about 40% of eruptive events. Later on,
Zlotnicki et al. [5] extended their analyses with the complete set of DEMETER observations. During the
entire mission, 73 volcanoes entered into eruption; for 58 of them, 269 anomalies related to 89 eruptions
were detected. Five different types of ionospheric anomalies (density and temperature variations,
electrostatic turbulence, and various electromagnetic emissions) were identified. They were similar to
those observed above areas of impeding earthquakes. In addition, the study showed the occurrence of
volcanic lightning strokes, which were observed by satellite above 12 volcanoes. Rozhnoi et al. [6]
reported observations of VLF (Very Low Frequency) waves from a Japanese ground-based transmitter,
named JJI, during the January 2011 eruption of Mt. Kirishima (Southern Japan); this volcano was
very close to the VLF transmitter. Perturbations of the nighttime subionospheric VLF signal were
observed at the time of eruptions (receivers were located in the north of Japan). The authors attributed
ionospheric perturbations to the penetration of gravity waves induced by the volcanic activity. Recently,
another study investigated physical and chemical climatological anomalies related to volcanic activity,
showing their occurrence before some major explosive eruptions [7].
Some studies revealed that aerosols might alter the atmospheric electric field (e.g., [8–10]).
Other authors demonstrated the formation of positive anomalies in the ionosphere over Europe,
which were correlated with the position of ash clouds from the Eyjafjallajökull (Iceland) volcano [11].
Also, they reported the occurrence of stronger anomalies over Sahara sand storms passing from West
Africa through the Atlantic Ocean, proposing the physical mechanism of the formation of ionospheric
anomalies, due to modification of troposphere conductivity, within the framework of the global electric
circuit (GEC) conception.
In this work, we assessed the impact of Mt. Etna (Sicily, Italy) eruptions and massive Saharan dust
outbreaks on the ionosphere. To perform this study, we analyzed a set of heterogeneous observations,
spanning from DEMETER data to medium infrared/thermal infrared (MIR/TIR) satellite radiances
and Global Positioning System (GPS) measurements. The paper is organized as follows: Section 2
summarizes the main studies of interest for this research; Sections 3 and 4 describe the data and
methods used; Section 5 focuses on the achieved results; and Section 6 reports the final remarks of
the work.
2. Background
Electrification in dust/sand clouds during storms is a well-known phenomenon in the low
terrestrial atmosphere. This phenomenon has been intensively studied because it possibly represents
the unique source of electric discharges in the rarefied atmosphere of planets such as Mars [12].
The data showed that dust and sand storms are electrically active. Stow [13] noted that charged
particles and aerosols may be separated by gravity within the column of a dust devil. The author
observed a field of the order of 20 kV/m above the ground. Charge densities were measured during
large dust devils over the Sahara region by Freier [14]; in New Mexico by Crozier [15]; and in the
Southwestern United States, as well as in India, by Kamra [16,17]. Wind velocity is a key parameter.
Schmidt et al. [18] determined an electric field of 166 kV/m at a 1.7-cm height above a sand dune under
the condition of a uniform wind speed of 12 m/s. More recently, Jackson and Farrell [19] measured
the horizontal E-field in dust devils, finding values up to 120 kV/m (other references can be found
in [20]). Zhang et al. [21] performed a wind tunnel experiment simulation for blown sand electrification.
They found that, at certain speeds, the maximum average intensity of an electric field at 16 m could
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reach 200 kV/m or more. Saunders [22] claimed that inside thunderstorm clouds, the field rarely
exceeded 400 kV/m, and that an average value could be of the order of 100 kV/m. Therefore, it is likely
that electrostatic discharges could occur at the time of sandstorms.
Concerning volcanic eruptions, these phenomena produce two different types of electromagnetic
perturbations in the upper atmosphere. On the one hand, they are sometimes accompanied by lightning
strokes, and on the other hand, their effects are similar to explosions (i.e., acoustic-gravity waves
are emitted). Volcanic eruptions may perturb the environment up to the ionosphere, owing to the
propagation of acoustic-gravity waves (their amplitude increases with the decrease of the density in
altitude). Other authors reported some ionospheric variations in the records of HF (High Frequency)
Doppler and TEC (Total Electron Content) data, in association with the explosions of Mount Pinatubo on
15 June 1991 [2]. Lightning activities in volcanic plumes have been observed for a long time. There have
been, in fact, many reports concerning some spectacular events (e.g., [23–29]), including the April–May
2010 Eyjafjallajökull eruption, which strongly perturbed air traffic (e.g., [30]). Antel et al. [31] showed
that the number of whistlers (waves associated to the lightning strokes) observed at Dunedin in
New Zealand could be correlated with volcanic activities occurring in the Aleutian Islands, which
are the magnetically conjugated region of Dunedin. However, lightning activity is not always
observed during volcanic eruptions, and some studies have been undertaken to understand this
phenomenon. James et al. [32] performed some experiments to simulate the electrification mechanism
of ash. They showed that the dominant charging process occurs during the fracture of silicate particles
(see also [33]). Mather and Harrison [34] suggested that the ash fragmentation mechanism is a key
parameter. During the aforementioned Eyjafjallajökull eruption, some authors noticed a change in
the lightning activity [35]. They attributed this effect to a temperature change at the top of the plume.
McNutt and Williams [36] intensively studied the occurrence of lightning activity as a function of many
parameters (e.g., Volcanic Explosivity Index—VEI, ash plume height, magma composition, latitude
of volcanoes, and season during many different eruptions), emphasizing the important role of water
vapor. Finally, another work demonstrated the impact of dust aerosols on the ionosphere because of an
electromagnetic coupling mechanism based on a drop of column electric conductivity [11].
3. Data
3.1. DEMETER
DEMETER was a low-altitude satellite (710 km) launched in June 2004 into a polar and circular
orbit. The altitude of the satellite was decreased to 660 km in December 2005. The scientific mission of
DEMETER ended in December 2010. The orbit of DEMETER was nearly sun-synchronous and the
up-going half-orbits corresponded to nighttime (10:30 p.m. LT), whereas the down-going half-orbits
corresponded to daytime (10:30 a.m. LT). The main scientific objectives of DEMETER were to study
the disturbances of the ionosphere due to seismo-electromagnetic effects and anthropogenic activities
(power line harmonic radiation, VLF transmitters, and HF broadcasting stations). For this purpose,
DEMETER measured the electromagnetic waves and plasma parameters all around the globe, except in
the auroral zones. Regarding the wave experiment, the VLF range for the electric field was from DC up
to 20 kHz. There were two scientific modes: a survey mode where spectra of one electric component
were onboard computed up to 20 kHz (time resolution of 2 s and frequency resolution of 20 Hz), and a
burst mode where, in addition to the onboard computed spectra, waveforms of the same electric field
component were recorded up to 20 kHz. Details of the electric field experiment can be found in [37].
The electron density was measured by the experiment ISL (Instrument Sonde de Langmuir; [38]),
whereas the ion density was given by the experiment IAP (Instrument d’Analyse du Plasma; [39]).
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3.2. AVHRR and SEVIRI
The Advanced Very High Resolution Radiometer (AVHRR), flying aboard the National Oceanic
and Atmospheric Administration (NOAA) and Meteorological Operational Satellite (METOP) polar
satellites, was designed mainly for meteorological studies.
This instrument, which offers a good trade-off between temporal (up to 6 h) and spatial (1.1 km at
nadir view) resolution, provides data in five spectral channels ranging from visible (VIS) to thermal
infrared (TIR). Channel 3 (3.55–3.93 µm), which is centered in the medium infrared region (MIR),
has been largely used to identify volcanic thermal anomalies, such as lava flows and fumarolic
emissions (e.g., [40–44]). Channel 4 (10.3–11.3 µm), which is located in the TIR region, has been used
in combination with channel 5 (11.5–12.5 µm) to detect ash/dust clouds by exploiting the reverse
absorption effects of silicate particles at 11- and 12-µm wavelengths in comparison with water/ice
droplets [45,46].
Spinning Enhanced Visible and Infrared Imager (SEVIRI), aboard Meteosat Second Generation
(MSG) satellites, operates in 12 spectral channels, providing data with a temporal sampling of
15 min. Despite the coarse spatial resolution (~3 km at the nadir), this sensor represents, thanks to its
geostationary attitude, an important instrument for studying, monitoring, and characterizing both
volcanic phenomena (e.g., [47–49]) and Saharan dust events (e.g., [50–52]).
In this work, we present the results achieved from analyzing a set of satellite-based products
generated using the robust satellite technique (RST) multitemporal approach [53,54]. In addition,
we investigated the AVHRR observations of Outgoing Longwave-Earth radiation (OLR) associated
with the Mt. Etna eruptive activity of September–December 2006, available from the NOAA Climate
Prediction Center.
3.3. GPS TEC
The GPS consists of 24 satellites, evenly distributed in six orbital planes around the globe, at an
altitude of about 20,200 km. The ionosphere is a dispersive medium for GPS signals (f1 = 1575.42 MHz
and f2 = 1227.60 MHz) in the microwave band. Therefore, signals traveling through this medium
are affected proportionally to the inverse of the square of their frequencies. This effect can reveal
information about the parameters of the ionosphere in terms of the TEC of a slant path, which is
the integral of the electron density between a ground-based receiver and an associated GPS satellite.
From the broadcast ephemeris (e.g., satellite time, elevation, and location) and a given ionospheric
(shell) height at about 350 km altitude [55], the slant TEC along the ray path can be converted, usually
using a simple cosine function of the satellite zenith into the vertical TEC (VTEC, for simplicity hereafter,
TEC) at its associated longitude and latitude [56,57]. Since each receiver could simultaneously trace up
to 10 or more GPS satellites, a regional image over the local network area can be constructed by about
10 times the receiving points every 30 s.
4. Methods
4.1. DEMETER Methodology
Global maps of the ionospheric density observed by DEMETER were obtained to study this
parameter as a function of locations, seasons, local time, and magnetic activity. They showed that, in the
case of low magnetic activity (Kp < 3) the ionospheric density has large-scale variations. Then, a simple
comparison between the amplitude of a localized perturbation and a background-averaged value
obtained in similar conditions was used to reveal an anomalous variation. An extended description of
the methodology used to identify ionospheric anomalies in DEMETER records can be found in some
previous literature works [58–60].
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4.2. RST Approach
The RST approach was developed to study and monitor several natural/environmental hazards,
such as earthquakes, floods, oil spills, forest fires, and volcanic activity (e.g., [61–67]).
In more detail, RST considers every anomaly in the space-time domain as a deviation from a
normal state that may be determined by processing multiannual time series of homogeneous (i.e., same
calendar month and overpass time) cloud-free satellite records [54]. The Absolutely Local Index of
Change of Environment (ALICE) index was used to identify anomalous variations of the signal related
to possible perturbing events:
⊗V (x, y, t) = V(x, y, t) − µV(x, y)
σ(x, y)
(1)
where V(x, y, t) is the satellite signal measured at time t in a specific spectral band or band combination
at the same location (x, y), and µV(x, y) and σV(x, y) stand for the temporal mean and standard
deviation of V(x, y, t).
The RSTVOLC and RSTASH algorithms are two RST configurations specifically developed for
volcanological applications. RSTVOLC jointly uses the ⊗MIR(x, y, t) and ⊗MIR−TIR(x, y, t) indices to
detect volcanic hot spots [42]. The first one analyzes the MIR signal (i.e., V(x, y, t) = BTMIR(x, y, t)),
the second one the difference of MIR and TIR (around 11 µm) brightness temperatures (i.e., V(x, y, t) =
BTMIR(x, y, t) − BTTIR(x, y, t)).
RSTASH combines the ⊗TIR(x, y, t) and ⊗MIR−TIR(x, y, t) indices to identify volcanic ash clouds [68].
The ⊗∆TIR(x, y, t) index, which analyzes the difference of brightness temperatures measured in the TIR
band at around 11- and 12-µm wavelengths (V(x, y, t) = BT11(x, y, t)−BT12(x, y, t)), is also sensitive to
airborne dust [52]. Hence, it can be used for investigating Saharan dust outbreaks even in combination
with other RST indices, as performed in [68].
4.3. Analysis of OLR Anomalies
One of the main parameters used to characterize the Earth’s radiation environment is the OLR.
The latter has been associated with the top of the atmosphere (TOA), integrating the longwave
radiation (LWR) emissions between 10 and 13 microns from the ground, lower atmosphere, and clouds.
Hence, it has primarily been used to study Earth’s radiative budget and climate. An increase in
radiation and a transient change in OLR was proposed to be related to thermodynamic processes in
the atmosphere over major geohazard regions [69–71]), and the anomalous trend was measured as an
OLR anomaly. The latter was defined similarly to the anomalous thermal field definition proposed
by Tramutoli et al. [72,73] and represents the different amplitude for a specific spatial location and
predefined times:
OLR anomaly (x, y, t) =
S(x, y, t) − S(x, y, t)
τ(x, y, t)
(2)
S(x, y, t) =
1
N
N∑
i=1
S(xi, yi, ti) (3)
τ(x, y, z) =
√∑(
S(x, y, t) − S(x, y, t)
)2
N
(4)
where S(x, y, t) is the current OLR value; S(x, y, t) is the computed mean of the background field,
defined as the daily mean value of OLR S
(
xi, yi, t j
)
over an area of longitude x and latitude y in the t-th
day of M years; and τ(x, y, z) is the standard deviation over the same location (x, y) and local time (t)
as the OLR value.
The first result in connecting the LWR variations in relation to volcanic activity was obtained for
the Mt. Kirishima (Japan) eruption of 26–30 January 2011 [6,71]. An abnormal increase in the thermal
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radiation was detected around 22 December 2010 (i.e., about one month before the aforementioned
eruption), and the maximum was observed from 22 to 30 January 2011, which coincided with the peak
of volcanic activity.
4.4. Analysis of GPS TEC Anomalies
Usually, for the full constellation, a ground-based receiver can simultaneously record signals from
more than 10 GPS satellites [56]. Therefore, for a network of n ground-based GPS receivers, an image
over the network area with about 10n TEC points can be constructed every 30 s. Similarly, based on
measurements of worldwide limited hundreds of ground-based receivers of the International GNSS
Service (IGS), the global ionosphere map (GIM) of the TEC has been daily and routinely published by
the Center for Orbit Determination in Europe (CODE), European Space Operations Centre (ESOC),
University of Warmia and Mazury (UWM), NASA’s Jet Propulsion Laboratory (JPL), and Technical
University of Catalonia (UPC) (ftp://cddis.gsfc.nasa.gov/gps/products/ionex/) to estimate ionospheric
effects on radio propagation geodesy applications since 1998 [74]. Currently, the GIM is routinely
published in a 1- or 2-h time interval with 1–2 days delay. The spatial resolutions of the GIM on
the ±87.5◦N latitude and ±180◦E longitude are 2.5◦ and 5◦, respectively. Thus, a local network of
ground-based receivers is useful to monitor the fine structure of the TEC over the network area (a small
region, such as that affected by a volcanic eruption), while the GIM is suitable to observe the relatively
large structure of the TEC (a larger area, such as that affected by a dust event). Specific methodologies
were developed to detect anomalies of GPS TEC signals. They were applied here to help in interpreting
DEMETER observations.
4.5. Atmospheric Chemical Potential (ACP) Correction Approach
A physical model of thermal anomalies registered before earthquakes and around the time of
volcano eruptions would explain that, due to air ionization by radon emanating from the active faults,
the newly formed ions become the centers of water vapor nucleation and formation of the large
ion clusters [75]. The bond energy of water molecules with ions is larger than that in pure water
drops, where it is equal to the latent heat energy per one molecule U = 0.422 eV, which is equal to
the water molecule chemical potential. The higher the ion production rate and concentration of ions,
the higher the bond energy of water molecules with ions (i.e., the chemical potential). The process
of evaporation/condensation, which is the phase transition of the first order, always takes place
during the chemical potential equality. However, newly formed ions created by ionization have a
different chemical potential, which is what we took into account. In the one-component approximation,
we introduced the correction to the chemical potential ∆U, which takes into account this circumstance.
In this case, the real chemical potential can be expressed as
U(t) = U0 + ∆Ucos2t (5)
where U0 is the chemical potential for pure water, and U(t) is the chemical potential where ionization
and hydration are taken into account. By cos2t, we take into account the daily changes of the solar
radiation. The changes of the chemical potential under action of ionization will affect the relative
humidity H, which can be estimated using the parameter ∆U:
H(t) =
exp
( −U(t)
kT
)
exp
( −U0
kT
) = exp(U0 −U(t)
kT
)
= exp
−0.032 ∆Ucos2t
(kT)2
 (6)
where k is the Boltzmann constant, and T is the air temperature. The changes of the chemical potential
can be then derived from the formula above by using the satellite microwave sounders data on vertical
profiles of the air temperature and relative humidity.
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5. Analyzed Events
5.1. Mt. Etna Activity of November–December 2006
Mt. Etna is the largest and most active volcano on land areas in Europe. Strombolian activity,
lava fountains, and emission of lava flows frequently occur at the summit craters (e.g., [76,77]). Flank
eruptions, which are often associated with weak explosive activity (e.g., [78]), are generally less
frequent. Nonetheless, they pose a serious threat to inhabited areas [79], since they are capable of
emitting lava bodies extending for several kilometers in length (e.g., [80]). In recent years, some
intense eruptive events occurred at Mt. Etna; they were widely investigated from space by means
of the RST technique (e.g., [41,44]). Among them, eruptions of November–December 2006 were
preceded by a significant lava effusion of short-time duration, occurring during 14–24 July 2006 [81],
and by a number of paroxysms which took place from the Southeast Crater (SEC) [82]. In particular,
during 22 September–4 November 2006, lava flows were emitted by multiple vents located along
fractures on the SEC [83], while from 8 November to 14 December, several Strombolian explosions and
ash emissions were recorded [84]. On 6 December 2006, an ash plume was emitted reaching, in the
early morning of the same day, an altitude of 3.6–4.6 km above sea level (a.s.l.) [85].
5.2. Saharan Dust Events of May 2008
During 18–23 May 2008, a long-lasting dust phenomenon coming from Algeria and Tunisia (North
Africa) affected both the Mediterranean basin and Europe. Specifically, on 18 May, airborne dust
dispersed over Italy and Central Europe. Dust coverage then affected Eastern Europe, extending up
to an altitude of 3–5 km a.s.l. over Greece on 20 May. In the following days, the dust concentration
gradually decreased [86]. However, at the end of same month (i.e., during 26–31 May), another
intense dust episode, affecting once again Europe and part of the Mediterranean region, occurred
(e.g., [87–89]). We investigated the impact of the abovementioned Saharan dust events, as well as of
Mt. Etna eruptions described in the previous paragraph, on the ionosphere. Results of these analyses
are shown and discussed in the next section.
6. Results
6.1. Ionospheric Perturbations of November–December 2006
Figure 1 shows the DEMETER data of 4 November 2006 recorded along the satellite orbit track
intersecting part of Italy, the Mediterranean Sea, and North Africa (see Figure 1a). Specifically, Figure 1b
displays an electric field spectrogram up to 20 kHz (see top panel) showing the increase of the whistler
intensities (each vertical line corresponds to a lightning stroke and is called a whistler) over the
Mediterranean Sea. In the spectrogram, the horizontal lines above 15 kHz were due to the VLF
ground-based transmitters.
The increase of whistler intensities recorded by DEMETER revealed an important increase of the
ion density at the Mt. Etna latitude, as shown in the bottom panel of Figure 1b. Figure 2 displays
the AVHRR imagery of November 4 2006 at 20:44 UT, which was close in time to the aforementioned
DEMETER observation, magnified over the target area. The figure shows that some image pixels, i.e.,
those located over Mt. Etna area (see pixels in bright tones), were significantly more radiant than
the neighbor ones in the MIR band. RSTVOLC considered most of those pixels as anomalous (see the
red ones on hot spot map shown in the figure inset), revealing the occurrence of an intense thermal
volcanic activity at the time of DEMETER observation. Figure 3 displays the RSTASH map from same
AVHRR data, showing that weak ash emission also possibly occurred on that day (see pixels depicted
in red within the yellow square indicating Mt. Etna area). It is worth noting that RSTASH flagged
some ash pixels also SE of Sicily (Southern Italy). Since those pixels were sparsely distributed, we can
hypothesize that a thin dust layer also affected the scene.
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Regions (DEMETER) on 4 November 2006 with indication of time of the pass at the Mount Etna 
Figure 1. (a) Orbit track of Detection of Electro-Magnetic Emis ions Transmitted from Earthquake
Regions (DEMETER) on 4 November 2006 with indication of time of th pass at the Mount Etna latitude.
(b) On the top, electric VLF (Very Low Frequency) spectrogram from 0 up to 20 kHz, with its intensity
color coded according to the scale on the right, referring to DEMETER data recorded between 8:42:00
and 8:48:00 p.m. UT; on the bottom, variation of the O+ ion density (the densities of the other ions are
much lower) with the parameters displayed below representing the time in UT and LT, the geographic
latitude and longitude, and the McIlwain parameter L.
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Figure 2. Advanced Very High Resolution Radiometer (AVHRR) channel 3 (medium infrared (MIR)) image
of 4 November 2006 at 8:44 p.m. UT in Lambert Azimuthal Equal Area (LAEA) projection, with indication
of Mt. Etna area (see blue square). The right top panel of the figure displays the hot spot map reporting
anomalous pixels (in red) detected by RSTVOLC (with ⊗MIR(x,y,t) > 3 AND ⊗MIR-TIR(x,y,t) > 3).
Figure 4 displays the DEMETER data of 6 December 2006. In particular, the top panel represents
the spectrogram of an electric component up to 20 kHz, whereas the bottom panel shows the variation
of the density of the ion O+ density along the satellite orbit. Looking at the figure, one can see some
lightning activities (i.e., vertical lines in the spectrogram), but above all, an increase of the ion density
when the satellite was at the latitude of the Mt. Etna area (i.e., at around 8:45 p.m. UT). Figure 5 shows
the RSTASH product of 6 December at 12:37 p.m. UT revealing the presence of an ash plume, which
was partially identified by satellite because of low ash concentration (e.g., [90]), dispersing from Mt.
Etna area towards Mediterranean Sea. The plume ideally crossed the DEMETER ground track (see the
blue line in Figure 5) some hours before the observation of ionospheric disturbances at 8:45 p.m. UT,
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shown in Figure 4. It is worth mentioning that the volcanic activity was still in progress at the time of
DEMETER observation, as indicated by the RSTVOLC map of 8:02 p.m. UTC, which is not shown here.Geosciences 2019, 8, x FOR PEER REVIEW  9 of 27 
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The analyses performed above indicated that Mt. Etna eruptive activity possibly perturbed the
ionosphere. As a further evidence of this hypothesis, Figure 6a displays the continuous monitoring of
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OLR over the monitored volcanic area, obtained from the analysis of NOAA-15 AVHRR nighttime
data (with 1 × 1-degree resolution) during the period of 1 September−31 December 2006.
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Figure 5. RSTASH product generated from AVHRR data of 6 December 2006 at 12:37 p.m. UT. Ash
pixels are depicted in red (the visible channel shown in background was used in detection phase for
better filtering clouds; e.g., [91]). The blue line is the DEMETER orbit ground track.
The plot shows the thermal enhancement time (red columns) at TOA (at 8:00 p.m. LT) during the
Mt. Etna eruptions (grey boxes). Mean daily nighttime values (black curve) show the climatological
trend (decrease) for the winter season. Distinctive anomalies were observed on 26 October; 6 and
23 November; and 2, 6, and 14 December. For comparison, the same calculations for one year
later (September–December 2007) of OLR daily nighttime values (yellow columns) were included.
No significant anomalies were observed for 2007, except for the single large anomaly recorded in
September 2007, which was probably associated with the significant eruption registered for the same
period. For the rest of the period in 2007, sporadic and less intense eruptive activity occurred; therefore,
no significant thermal anomaly at TOA was registered.
As an additional parameter for this analysis, we computed the correction into the ACP.
This parameter shows the ionization rate change in the lower atmosphere [75].
The 2006 ACP for the same period (pinks line) followed the OLR trend and in values were
smaller than 2007, the period with no eruptions (cyan). Thus, the heat released from the volcano
vents associated with eruption activities, showing synchronization with thermal anomaly occurrences,
altered the ACP in 2006. Additionally, Figure 6b,c show the 2D maps of the anomaly intensities
represented by the OLR E-index. Only positive values are shown, revealing that more intense OLR
anomalies were located over the Mt. Etna area. Finally, the OLR thermal anomaly generation initiated
a chain of other effects in atmosphere, reaching the altitudes of the upper atmosphere and ionosphere.
The temporal evolution of the chemical potential shown in Figure 7a for the period 10 October–30
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December 2006 revealed the maximum value four days before the eruption onset marked by the red
arrow. Those measurements were taken exactly at the Mt. Etna location. In addition, Figure 7b displays
the 2D distributions of ACP over Southern Italy for the period 30 October–1 November, when the mean
peak in the time series of ∆U was recorded. On 30 October at 6:00 p.m. UT, a yellow spot affected the
monitored volcano. On 31 October at 12:00 a.m. UT, it extended in longitude over almost all of Sicily.
The same day at 6:00 a.m. UT, the signal intensity increased; at 12:00 p.m. UT, we observed the signal
only over the volcanic area, but at the same time, ∆U increased over Southern Italy. Then, on the next
two intervals, the signal expanded again to disappear at 12:00 p.m. UT on 1 November.
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Figure 6. (a) Daily nighttime National Oceanic and Atmospheric Administration (NOAA)-AVHRR
outgoing longwave-Earth radiation (OLR) anomalous values over Mt. Etna area during
September–December 2006, with OLR average values for 2006 (black), OLR anomalies for 2006
(red column), OLR anomalies for 2007 (yellow columns), atmospheric chemical potential (ACP) for
2006 (pink), ACP for 2007 (cyan), Etna 2006 eruptions (grey boxes), and DEMETER orbits (dash green).
(b) Daily maps for 6 November 2006 representing the OLR anomalies’ spatial extent over Etna regions
(with black star—Etna volcano, red solid lines—plate boundaries, brown lines—fault systems). (c) Daily
maps for 6 December 2006 (see previous point).
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For cross-comparison with the ion density increase observed by DEMETER at the latitude of Mt.
Etna, a local network of 17 ground-based GPS receivers in the volcano region was used to derive the
ionospheric TEC during 9:30–10:00 p.m. LT on 4 November 2006 (see Figure 8a).
Figure 8b shows that the TEC prominently increased between 37◦ and 42◦ N, in good agreement
with the ion density increase probed by DEMETER. Similarly, the ion density recorded along the
DEMETER satellite orbit over Mt. Etna area prominently increased on 6 December 2006 at around
8:45 p.m. UT, in concomitance with the increase of the ground-based TEC derived by the local GPS
receiver network (Figure 9a) at the volcano longitude (see Figure 9b). Thus, DEMETER ion observations
and ground-based GPS TEC simultaneously increased over the Mt. Etna area during the nighttime
period on both eruption days.
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6.2. Ionospheric Perturbations of May 2008
During May 2008, DEMETER recorded a significant number of i ospheric anomalies over t
Mediterranean basin. Figure 10 shows an example of DEMETER records for 19 May 2008, displ ying a
spectrogram of one electric fi ld component up t 20 kHz a the variation of the electron density
along the orbit t ack, n red, intersecting the region exten ing from Central Europe to Libya betwee
8:08:30 and 8:10:45 p.m. UT (Figure 11a). Ionosph ric disturbances w e r corded by DEMETER
in concomitanc with some eruptive activities that were in progress at the Mt. Etna and Stromboli
volcanoes (Aeolian Islands; Italy) [92–94]. However, RSTASH products from AVHRR observations
as well as a visual inspection of satellite imagery did not reveal any significant presence of airborne
ash. Hence, ionospheric anomalies were not ascribable to volcanic phenomena even because of the
Geosciences 2019, 9, 177 14 of 26
large spatial distance of the DEMETER orbit track from eruptive centers. On the other hand, two
intense Saharan dust events affected Europe and the Mediterranean basin in May 2008 (see Section 5.2),
prompting us to assess their possible impact on the ionosphere.
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Figure 11 displays the horizontal (i.e., 2D) distribution of airborne dust (in different shades of
brown) over Europe and part of the Mediterranean basin retrieved from nighttime SEVIRI data of
19 and 20 May 2008 using the RST method. In detail, Figure 11a shows the RST map of 19 May at
8:00 p.m. UT, revealing the presence of dust coverage affecting part of the Mediterranean Sea and
Eastern Europe.
The dust plume, which was presumably spatially more extended than that indicated by Figure 11a,
due meteorological clouds masking the underlying dust layer (see black/dark grey pixels on the TIR
channel displayed in background), affected part of the Mediterranean Sea and Greece. Figure 11b,
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referring to the map of 20 May at 12:00 a.m. UT, showed that some hours after previous satellite
observation, the dust phenomenon still affected the aforementioned areas. To assess the identification
of airborne dust in Figure 11, we analyzed the total attenuated backscatter profile at 532 nm, acquired
on 20 May between 12:29 and 12:43 a.m. UT along the orbit track of Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO). The latter uses an active lidar instrument and passive
infrared/visible imagers to probe the vertical structure and properties of thin clouds and aerosols over
the globe [95].
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Figure 11. Robust satellite technique (RST) dust maps; pixels in diff rent shades of brown indicate
regions less (i.e., ⊗∆TIR(x,y,t) < −2; light brown) and more affected by dust (i.e., ⊗∆TIR(x,y,t)< −3;
medium brown). (a) 19 May 2008 at 8:00 p.m. UT; (b) 20 May 2008 at 12:00 a.m. UT. Red (top pa el)
and green (bottom panel) lines on top and bottom panels are the ground track of DEMETER and
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) orbits, respectively.
The SEVIRI TIR channel, at 11-µm wavelength, is displayed in the background.
Figure 12 displays the Cloud-Aerosol Lidar with Orthogonal Polarization Lidar (CALIOP) lidar
profile, showing the pres nc of a aerosol layer over the regio marked by the black ellipse (se top
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panel), where RST flagged a number of dusty pixels. The aerosol subtype profile reported in the
bottom panel (see Figure 12b) indicated that dust was dominant (see yellow areas), corroborating
information retrieved from SEVIRI data. It should be remarked that an increase of the electron density
and many whistlers (vertical lines), with increased intensities corresponding to the lightning strokes in
the atmosphere, characterized the dusty region intersected by the orbit track of DEMETER on 19 May
at around 8:08 p.m. UT (see Figure 10).
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Thus, we can suppose that the dust plume was electrically active and capable of perturbing the
ionosphere, such as the following dust event of 26–31 May 2008. Indeed, desert dust affected the
same region of the Mediterranean Sea where DEMETER (the orbit track of which is depicted in red
in Figure 13a) recorded, on 27 May, an increase in the electron density and thunderstorm activity
(see Figure 13b). Also, similar ionospheric disturbances were recorded in the following days when the
dust phenomenon was still in progress. In addition, the GIM TEC significantly enhanced over the area
affected by Saharan dust both on 19 and 27 May 2008, as indicated by dotted circles in Figure 14, where
the top panel is the raw data and the bottom one is the associated STD (Standard Deviation). In detail,
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a marked and continuous increase in the electron density was recorded between 8:55 and 8:59 p.m. UT
(i.e., just when DEMETER passed over the dusty area identified by RST using SEVIRI data).
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Figure 13. (a) RST f 2008 at 9:0 p.m. UT, orange and brown pixels a well as the red line
have th same aning as in Figure 11; (b) DEMETER data record d on 27 May 2008 between 8:53:00
and 9:01:00 p.m. UT. On the top, electric VLF spectrogram from 0 up to 20 kHz with its intensity color
coded acc rding to the scale on the right. On the bottom, variation of the electron density with the
parameters displayed below representing the time in UT and LT, the geographic latitude and longitude,
and the McIlwain parameter L.
To investigate the impact of Saharan dust on the ionosphere, we also examined the
longitude–time–TEC (LTT) along the 0◦ E longitude. In addition, we developed TEC for the global
fixed local time at 10:00 p.m. for cross-comparison with DEMETER observations. It can be noted that
the GIM TEC significantly increased over the Saharan region during the investigated period (i.e., both
on 19 and 27 May 2008) (see both panels in Figure 15).
Since the global fixed local time is the TEC at the same local time on a particular day being
isolated, the local time effects were removed, allowing us to cross-compare the GIM TEC with the
sun-synchronous orbit observations of DEMETER at about 8:00–10:00 p.m. LT, globally.
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7. Discussion
In this work, we investigated the impact of volcanic/Saharan dust events on the ionosphere,
analyzing a number of independent observations.
Ionospheric perturbations recorded by DEMETER on 4 November and 6 December 2006 occurred
during some intense eruptive events of Mt. Etna. Further, an ash plume, dispersing over the
Mediterranean Sea more than 100 km from the eruptive center, affected the same region where, some
hours later, DEMETER recorded a significant increase of the ion density. Since volcanic ash may
electrically interact with the atmosphere (e.g., [34,96]) and considering that gas emissions, heat flux,
and volcanic explosions may also disturb the ionosphere [4,97], the impact of those eruptions on
DEMETER observations appears plausible. In support of this hypothesis, the sea region characterized
by the ion density increase was spatially close to the Mt. Etna area. Indeed, ionospheric perturbations
recorded by DEMETER were within the distance threshold (VEI ≤ 3) of 500 km from eruptive centers
identified by other authors to assess the possible relation between ionospheric anomalies and eruptive
activities [4,5].
Those outcomes fit with re ults of p evious papers, which independently investigated th poss ble
relation between nospheric perturbations a d eruptive ac ivities (e.g., [5,75] and the fere ces herein).
In each i stance of this study, we can attribute t e variation of the ion density to t e modification
of the GEC, which is present between the Earth’s surface and the bottom of the ionosphere [98].
In particular, large amounts of heavy ion clusters, which replace the light ions within the area of a
volcano eruption, drastically change the air column conductivity. This leads to the modification of
parameters of the GEC, which is responsible for electromagnetic coupling between the ground and
ionosphere. It creates the local anomalies of electron concentration and electron and ion temperature
within the ionosphere (e.g., [11,99]). DEMETER observations, showing anomalies in the electrical field,
coincided with the timing of thermal enhancements on 4 November and 6 December 2006, as revealed
by OLR anomalies. The cross-correlation of OLR at TOA and ionospheric anomalies is evidence for the
presence of the lithosphe e– tmosphere–ionosphere c upling chain trigger d by Mt. Etna v lcanic
activity occurring in 2006. Moreover, due to t e plasma characteristics of the quasi-neutrality, which
means the number of ions is about equal to that of electrons, the DEMETER ion and the ground-based
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GPS TEC simultaneously increased over the Mt. Etna area. Those agreements indicated that the
electromagnetic environment around the volcano area was modified during the eruptive periods
investigated here.
Regarding the ionospheric disturbances of May 2008, which cannot be associated with Mt. Etna
and/or Stromboli eruptions (see previous paragraph), they were possibly determined by two massive
dust outbreaks occurring in that period. Those dust events were identified using data from SEVIRI,
which offers a synoptic view and a high frequency of observation adequate to monitor spatially
distributed and rapidly evolving phenomena. Specifically, RST maps showed that airborne dust
affected the same region where DEMETER recorded an increase of the electron density and lightning
strokes during May 2008. In this case, it is certainly difficult to attribute a part of the lightning strokes to
electrostatic discharges in the dust plume because their intensities could not be so important. Therefore,
we can hypothesize that either the dust phenomenon contributed to increasing the number of lightning
strokes in the atmosphere or it changed the properties of the bottom of the ionosphere in such a
way that the waves were not so attenuated when they crossed the ionosphere to reach the satellite.
In addition, the analysis of LTT plots revealed that the ionospheric TEC significantly increased over
dusty areas on both 19 and 27 May 2008. Indeed, the global comparison confirms that the GPS TEC
mostly increased over the Sahara region, especially on 27 May, showing once again that the GEC was
responsible for the electromagnetic coupling between the ground and ionosphere.
8. Conclusions
The results of this study have shown that a multiparametric approach may provide an important
contribution for better interpreting the actual origin of ionospheric anomalies. This contribution
may be particularly valuable when ionospheric disturbances are investigated as possible indicators
of impending earthquakes (e.g., [100–108]). Indeed, the integration of independent observations is
nowadays expected to be a major improvement in short-term seismic hazard forecast. The possibility
of moving to the operational use of this information, independently obtained by well-established
data analysis methodologies (e.g., [61,109–111] and references herein), strongly relies on our present
capability in discriminating anomalous transients, possibly related to an impending earthquake,
from those related to other natural, and in general nonseismic, sources. This paper, other than confirming
the significant impacts on the ionosphere of volcanic eruptions and dust outbreaks, also demonstrates
the importance of a multiparametric approach in identifying and removing false-positives in seismic
hazard forecast applications. This way, by reducing false alarm rates, the identification of anomalous
transients related to volcanic eruptions and/or to dust events could significantly improve the reliability
of forecasts based on measurements of single and/or multiple parameters.
Finally, the multiparametric approach used in this study could also have a positive impact on
observations from missions such as Swarm, a European Space Agency (ESA) three-satellite constellation
enabling the investigation of electric currents flowing in the magnetosphere and ionosphere [112],
and the China Seismo-Electromagnetic Satellite (CSES). The latter is a Chinese–Italian space mission
for the monitoring of the electromagnetic field and wave, plasma, and particle perturbations of
the atmosphere, ionosphere, and magnetosphere induced by natural sources and anthropocentric
emitters [113].
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